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The production of pairs of doubly charged vector bileptons is studied at future γγ colliders.
The unpolarized cross–section for the γγ → Y −−Y ++ subprocess is analytically calculated and
convoluted to predict the number of events in the complete e+e− → γγ → Y −−Y ++ process.
The gauge or non–gauge character of the vector bilepton Y ±± is discussed. It is found that as a
consequence of its spectacular signature, as it decays dominantly into two identical charged leptons,
and also due to its charge contents, which significantly enhance the cross–section, the detection of
this class of particles with mass in the sub–TeV region can be at the reach of these colliders. The
model–independent nature of our results is stressed.
PACS numbers: 14.70.Pw, 12.20.-m
I. INTRODUCTION
There are many reasons to believe that new physics beyond the Fermi scale must exist, but it remains unclear just
how or where it will observed. However, it is quite likely that signals of new physics would be more evident in those
processes which are forbidden or strongly suppressed in the standard model (SM). One possible source of new physics
effects could be associated with processes that violate global conservation laws, such as, for instance, lepton number,
since there is no reason to believe in its exactness. One peculiarity of the standard model (SM) is that none of its
bosons carry global quantum numbers. As a consequence, lepton number is conserved both separately and globally.
However, many SM extensions predict physical processes that can violate such conservation laws. For instance, the
separate lepton number conservation is violated by bileptons, which are scalar or vector particles that carry two units
of lepton number. This class of particles can arise in many well motivated SM extensions[1]. For instance, scalar
bileptons are present in theories with enlarged Higgs sectors, as left–right symmetric models[2] in which appear doubly
charged scalars coupling to pairs of identical leptons. As far as non–gauge massive vectors are concerned, they are
present in composite[3] and technicolor[4] theories. On the other hand, massive gauge bileptons can appear when the
SM gauge group is embedded into a larger gauge group, such as occurs in the SU(15) unified model[5] or in the so
called 331 models[6], which are based in the SUC(3)× SUL(3)× UX(1) group.
In this work, we study the production of pairs of doubly charged vector bileptons Y ±± in high energy γγ collisions
with the photons originating from Compton laser backscattering. The γγ → Y ±±Y ∓∓ reaction is interesting for
several reasons. First, there is the distinctive signature of this class of bileptons, as they predominantly decay into
two identical charged leptons, i.e. Y ±± → 2l±, which constitutes an almost SM background–free signal. In fact, a
possible source of SM background–free signal is the process γγ → Z∗W−∗W+∗ → 4l±ν¯lνl, which evidently is very
suppressed. Secondly, this process can be studied in a model–independent manner, since it is entirely governed by the
electromagnetic Ue(1) symmetry. In this respect, we will introduce the most general dimension–four Ue(1)–invariant
Lagrangian. As already mentioned, one interesting peculiarity of a vector bilepton is the fact that it could be a
gauge field (GF) or a non–gauge vector field (from now on we will refer to it simply as a Proca Field (PF)), which
appears reflected in the high–energy behavior of the cross–section. The GF or PF nature of the vector bilepton will
be incorporated in the Ue(1)–invariant Lagrangian and its phenomenological implications discussed. Finally, a third
reason to study this process is the fact that its cross section is larger than that associated with a singly charged
particle by a facto of Q4Y = 2
4 = 16. On the other hand, the prospects for the detection of bileptons at future
colliders have been extensively studied in the literature by several authors. Since bileptons couple mainly to leptons,
most works have been focused on colliders involving at least one lepton beam. The potential of next linear colliders
operating in the same charge mode to produce doubly charged bileptons as a s–channel resonance has received special
attention[7, 8, 9]. In particular, the e−e− → Y −− → µ−µ− process is specially suited for search of doubly charged
GF, since their couplings to leptons are large and prescribed[9]. These colliders can also be used to study doubly
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2charged scalar resonances[8], though it should be noted that in this case their couplings to leptons are free parameters
and are small, as they arise from the Yukawa sector. Most studies on GF bilepton production have been done in the
context of the minimal 331 model, which predicts the existence of a pair of singly and doubly charged gauge bosons,
Y ±µ and Y
±±
µ [10]. Diverse production mechanisms have been analyzed at hadron[11], e
−p[12], e+e−[13], e−γ[14], and
muon[15] colliders. Though single vector bilepton production has been studied at γγ colliders[16], to our knowledge,
the issue of pairs production at this type of colliders only has been tackled marginally[1]. In this paper, we will present
a comprehensive study of the γγ → Y −−Y ++ process, which includes the derivation of explicit analytical expressions
for the cross section of the γγ → Y −−Y ++ subprocess. In addition to dealing with both the GF and PF cases, our
results will be applicable to a wide range of models, as they were derived by invoking only the general principles of
renormalization theory, Lorentz invariance, and Ue(1)–gauge invariance.
The paper has been organized as follows. In Sec. II, the most general Lorentz and Ue(1)–invariant Lagrangian,
which includes only interactions up to dimension–four, is presented. In Sec. III, the cross section for the complete
e+e− → γγ → Y ±±Y ∓∓ reaction is derived. In Secs. IV and V, we discuss our results and present the conclusions,
respectively.
II. THE Ue(1)–INVARIANT LAGRANGIAN AND FEYNMAN RULES
In this section, we discuss the general structure of the couplings between a doubly charged vector bilepton and the
electromagnetic gauge field. The most general Lagrangian including interactions up to dimension–four, which respects
the Lorentz and electromagnetic symmetries, can be written as
L = −1
2
(DµY
++
ν −DνY ++µ )†(DµY ++ν −DνY ++µ) +m2Y Y −−µ Y ++µ
−ieQY κFµνY −−µY ++ν − 1
4
FµνF
µν , (1)
where Dµ = ∂µ−ieQYAµ and Fµν = ∂µAν−∂νAµ are the covariant derivative and the field strength tensor associated
with the Ue(1) gauge group, respectively. In addition, QY = 2 is the electric charge of the bilepton in units of the
positron charge and κ is a dimensionless parameter, which is related with the CP–even on–shell electromagnetic
properties of the Y ±± vector field, namely, the magnetic dipole moment and the electric quadrupole moment[17]. The
good high–energy behavior of the theory and therefore its renormalizability depends critically on the precise value
of this parameter. The κ = 0 case corresponds to a PF, which can be present in effective field frameworks, such as
technicolor thoeries[18]. On the other hand, GF bileptons are identified with κ = 1. In this case, the FµνY
−−µY ++ν
term arises just from a Yang–Mills Lagrangian, such as the one associated with the 331 models[10]. The possibility of
a parameter κ = 1+∆κ, with ∆κ≪ 1, cannot be ruled out in the case of a GF, as the ∆κ correction can be associated
with anomalous contributions arising from radiative corrections within the context of a wider theory. This type of
deviations are well–known from the SM W boson, as they have been widely studied within the context of electroweak
effective Lagrangians[19]. Although all these possibilities are in principle of physical interest, it is important to
stress that the amplitude associated with the γγ → Y −−Y ++ scattering has a good high–energy behavior only for
κ = 1[20]. Bellow we will retain the κ parameter until we proceed with the analysis of the cross section for the
complete e+e− → γγ → Y −−Y ++ process.
We now turn to present the Feynman rules for the Y −−Y ++γ and Y −−Y ++γγ vertices. Our notation and conven-
tions are shown in Fig.1, where the Γαβµ(k, k1, k2) and Γαβµν Lorentz tensors are given by
Γαβµ(k, k1, k2) = (k1 − k2)µgαβ + (k2 − κk)αgβµ − (k1 − κk)βgαµ, (2)
Γαβµν = −2gαβgµν + gαµgβν + gανgβµ. (3)
III. THE CROSS SECTION
In this section, we calculate the cross section associated with the complete e+e− → γγ → Y −−Y ++ process. We
first discuss the properties of the γγ → Y −−Y ++ subprocess. We will use the following notation
Aµ(k1) +Aν(k2)→ Y ++α (k3) + Y −−β (k4), (4)
3FIG. 1: Feynman rules for the Y −−Y ++γ and Y −−Y ++γγ vertices.
where k1 + k2 = k3 + k4. With this convention, the corresponding Mandelstam variables are given by sˆ = (k1 + k2)
2,
tˆ = (k1 − k3)2, and uˆ = (k2 − k3)2, which satisfy the relation sˆ + tˆ + uˆ = 2m2Y . In Fig.2, we show the Feynman
diagrams contributing to the invariant amplitude, which can be written as
M = −4πiαQ2YMµναβǫµ(k1, λ1)ǫν(k2, λ2)ǫα∗(k3, λ3)ǫβ∗(k4, λ4), (5)
where ǫµ(k1, λ1), ǫ
ν(k2, λ2) etc., represent the polarization four–vectors associated with the external particles. As a
consequence of electromagnetic gauge–invariance, theMµναβ tensorial amplitude obeys the following Ward identities:
kµ1Mµναβ = kν2Mµναβ = 0. (6)
It turns out to be that in the most general case, i.e. for an arbitrary κ parameter, the amplitude is characterized by
six independent tensor structures which satisfy the gauge conditions. So, the tensorial amplitude can be written as
follows:
Mµναβ =
6∑
i=1
fiN
i
µναβ , (7)
where the N iµναβ are the tensor structures, which are given by
N1µναβ = (1 + 3κ)
(
− sˆ
2
gµαgνβ + k1αk2µgνβ − k1αk2βgµν + k2βk1νgµα
)
, (8)
N2µναβ = (1 + 3κ)
(
− sˆ
2
gναgµβ + k2αk1νgµβ − k2αk1βgµν + k1βk2µgνα
)
, (9)
N3µναβ = 4gαβ
(
gµν
2f1f2
+ sˆk3µk3ν − k2µk3ν
f1
− k3µk1ν
f2
)
, (10)
N4µναβ = 2(1 + κ)
[(
k2αgβν − k2βgαν
)(
sˆk3µ − k2µ
f1
)
+
(
k1αgµβ − k1βgµα
)(
sˆk3ν − k1ν
f2
)]
, (11)
N5µναβ = (1− κ)
(
2f1k1αk3µ − gµα
)[
gνβ + 2f1k2β(k3 − k1)ν
]
, (12)
N6µναβ = (1− κ)
(
2f2k2αk3ν − gνα
)[
gµβ + 2f2k1β(k3 − k2)µ
]
. (13)
In the above expressions, the fi Lorentz scalars are given by
f1 =
1
m2Y − tˆ
, f2 =
1
m2Y − uˆ
, (14)
f3 = f4 = f1f2, (15)
f5 =
1
4m2Y f1
, f6 =
1
4m2Y f2
. (16)
4Notice that the number of tensor structures reduces to four for a gauge bilepton without the presence of anomalous
static electromagnetic properties (κ = 1).
The unpolarized cross section for the γγ → Y −−Y ++ subprocess is given by
σˆ(γγ → Y −−Y ++) = 1
16π2sˆ2
∫ tˆ2
tˆ1
dtˆ|M¯|2, (17)
where the integration limits are given by
tˆ2(tˆ1) = − sˆ
4
(
1±
√
1− 4m
2
Y
sˆ
)
. (18)
After solving the integral, one obtains
σˆ(γγ → Y −−Y ++) = πα
2Q4Y
sˆ
F (x, κ), (19)
where x = 4m2Y /sˆ and
F (x, κ) =
(
− 3(κ− 481)x5 + (223κ− 1952)x4 + 3(1733κ+ 1179)x3
+(10175− 9407κ)x2 + 4(8533κ− 2389)x− 2400(κ− 1)
)
A1(x)
+
(
24x3 − 4(κ+ 1)x2 + (1− κ)x− 22(κ− 1)
8x
)
A2(x). (20)
The Ai functions appearing in the above expression are given by:
A1(x) =
√
1− x
48x2(x3 − 2x2 − 7x+ 24) , (21)
A2(x) = Log
[
4(1 +
√
1− x)− x(x − 1)
4(1−√1− x)− x(x − 1)
]
, (22)
Notice that, as it could be expected, F (1, κ) = 0.
With the photons originating from Compton laser backscattering, the unpolarized cross–section for the complete
e+e− → γγ → Y −−Y ++ process is given by
σ(s) =
∫ ymax
2m2
Y
/
√
s
dz
dLγγ
dz
σˆ(γγ → Y −−Y ++), (23)
where sˆ = z2s, with
√
s(
√
sˆ) the center of mass energies of the e+e−(γγ) collisions, and dLγγdz is the photon luminosity,
defined as
dLγγ
dz
= 2z
∫ ymax
z2/ymax
dy
y
fγ/e(y)fγ/e(z
2/y), (24)
where the energy spectrum of the back scattered photon is given by[21]
fγ/e(y) =
1
D(χ)
[
1− y + 1
1− y −
4y
χ(1− y) +
4y2
χ2(1− y)2
]
, (25)
with
D(χ) =
(
1− 4
χ
− 8
χ2
)
Log(1 + χ) +
1
2
+
8
χ
− 1
2(1 + χ)2
. (26)
In this expression, χ = (4E0ω0)/m
2
e, where me and E0 are the mass and energy of the electron, respectively; ω0 is the
laser–photon energy, and y represents the fraction of the energy of the incident electron carried by the backscattered
5FIG. 2: Feynman diagrams contributing to the γγ → Y −−Y ++ reaction.
photon. The optimum values for the ymax and χ parameters are ymax ≈ 0.83 and χ = 2(1 +
√
2). Notice that the x
and z variables are related through x = 4m2Y /sz
2.
It has been customary to treat numerically the
dLγγ
dz photon luminosity, but we prefer to solve it analytically. After
solving this integral given through Eqs.(24,25,26), one obtains
dLγγ
dz
=
4z
D(χ)2(z2 − 1)4χ4
[
g0(z) + g1(z)Log(ymax) + g2(z)Log(z) + g3(z)Log
(z2 − ymax
ymax − 1
)]
, (27)
where
g0(z) = −16ymax(y2max − z2)
(
z4 + χz2(z2 − 1)
)
+4χ2ymax(y
2
max − z2)(z6 − 3z4 + 4z2 − 2)
−2χ4(ymax − 1)(z2 − 1)2
(
z4 − ymaxz2(ymax + 1) + χ3
)
, (28)
g1(z) = 2χ
2(z2 − 1)3
(
χ(2z2 + χ+ 4) + 4
)
, (29)
g2(z) = −8χ3z4(z2 − 1)2 + 16z4(z2 + 1) + 32χz4(z2 − 1)
+8χ2z2(z4 − 3z2 + 2) + χ4(z4 − 3z3 + 2)2, (30)
g3(z) = −16z4(z2 + 1)− 32(z2 − 1)− χ4(z2 − 1)2(z4 − 2z2 + 2)
+4χ3(z2 − 1)2(z4 − z2 + 2)− 8χ3(2z6 − 6z4 + 5z2 − 1). (31)
The total cross section σ(s) cannot be expressed in closed form and will be numerically evaluated in the next
section.
IV. RESULTS AND DISCUSSION
The next linear colliders (NLC) e+e− in the TeV region, including its derivations γe and γγ, will open up new
opportunities in particle physics[22]. Although these colliders are intended to operate initially at a center of mass
energy of a few hundreds of GeVs with a luminosity of the order of 1033 cm−2s−1, it is contemplated to increase the
energy up to about 2000 GeV in subsequent stages. In particular, the γγ collisions offer the opportunity of accessing
to physical information not available from e+e− colliders. Although the same type of particles can be produced in
these colliders, it is important to stress that the reactions are different and thus complementary information can be
obtained. One important feature of the γγ colliders is that the cross sections are much larger than in e+e− collisions.
For instance, the cross section of W pair production in the γγ collision is almost two orders of magnitude higher than
the W pair production in e+e− collisions. Another important difference between e+e− and γγ collisions is that, while
the cross sections in the former decreases for increasing energies, those associated with the latter are almost constant.
One disadvantage of a γγ collider is that its energy reaches approximately 80% of the parent e+e− collider. Thus,
e+e− colliders operating in the region of a few TeVs will be necessary in order to investigate the production of new
particles with masses in the sub–TeV region.
Having briefly discussed the main features of γγ colliders, we proceed to discuss our results. To begin with, it is
convenient to comment on the bounds on the doubly charged vector bilepton mass. Currently, the most stringent
bound arises from the conversion of muonium (µ−e+) to antimuonium (µ+e−), which leads to the limit mY > 1417gl
GeV[23], where gl is a model dependent constant coupling characterizing the l¯
clY ++ vertex, which is expected to be
smaller than 1. However, it has been argued that this bound can be evaded in a more general context since it relies
on very restrictive assumptions[24]. Another strong limit, mY > 1250gl GeV, arises from fermion pair production
and lepton flavor violating decays[25]. Recently, a more realistic constraint, mY > 577gl, was derived from Bhabha
scattering with CERN LEP data[26]. We would like to stress that all the above bounds are model dependent, and
6FIG. 3: The cross section for the e+e− → γγ → Y −−Y ++ reaction as a function of the center of mass energy for mY = 450
GeV. Contributions of PF (κ = 0) and GF (κ = 1), including anomalous effects (κ = 0.9 and κ = 1.1), are shown.
so the existence of lighter doubly charged vector bileptons is still allowed. We will present results for a bilepton with
mass in the range 2mW < mY < 10mW , with mW the SM W gauge boson mass.
Before analyzing our results for some
√
s energies of e+e− colliders, it is interesting to investigate the high–energy
behavior of the cross section. In Fig.3, we present the σ(e+e− → γγ → Y −−Y ++) cross section as a function of √s for
both PF (κ = 0) and GF bileptons (κ = 1), including anomalous effects that represent deviations of 10% with respect
to the renormalizable value of κ. As already mentioned, the former case defines vector electrodynamics, which, as it is
well–known, is not a predictive theory. The latter case, corresponds to a FµνY
−−µY ++ν coupling induced by a Yang–
Mills strength tensor F aµν . From this figure, it can be appreciated that the cross section associated with GF without
anomalous contributions has a good high–energy behavior, as it tends to a constant value for increasing energies. As
already mentioned, this essentially constant behavior of the cross section for the case of a GF is a peculiarity of γγ
colliders. In contrast, in the case of PF, the corresponding cross section is ill–behavior at high energies. As far as the
anomalous effects are concerned, it can be appreciated that, for the values mY = 450 GeV and ∆κ = ±0.1, the cross
section is sensitive only for energies higher than about one order of magnitude than the bielepton mass. It can also
be observed that, for increasing energies, the cross section decreases for κ > 1 and increases for κ < 1. These results
suggest that an unmoderated growth of the cross section is expected in the range 0 ≤ κ < 1, reaching its highest
ill–behavior with the energy for a PF (κ = 0). These results agree with the well–known fact that only Yang–Mills
theories (κ = 1) lead to well–behaved cross sections of binary processes involving massive vector bosons[20].
We now turn to discuss our results for some scenarios. We will analyze only the PF and GF cases, as they represent
two extreme situations. We will present results for the cross section σ and the number of events N using an integrated
luminosity of 10 fb−1 and energies of
√
s = 0.5, 1, 1.5, and 2 TeV. In Fig.4, the number of events and the cross section
are presented as functions of mY and for
√
s = 0.5 TeV. We can see that for a relatively light bilepton, with mass
in the range 2mW < mY < 200 GeV, the cross section for a GF ranges between almost 29 pb and 0.55 pb, and it
is approximately 5 times larger than that of the PF. With the luminosity considered, the number of events of GF
bileptons ranges between 9× 105 and 1.7× 104. As it occurs with the cross sections, the number of events of GF and
the number of events of PF differ in the same proportion. Indeed, the σGF /σNGF = NGF /NNGF = R < 1 ratios
are true for any energy, as it can be observed from Figs.4-7. It is also evident from these figures that R decreases
for increasing energies, as σNGF increases whereas at the same time σGF remains essentially constant. Indeed, in the
range 0.5 <
√
s < 2 TeV, R is always smaller than 1, as it can be appreciated from Fig.3. In the following, we will
concentrate on the number of events and only for the case of GF bileptons. Thus, from Fig.5, we can see that N
ranges between 4× 106 and 105 for √s = 1 TeV and 2mW < mY < 350 GeV. On the other hand, from Fig.6, we can
appreciate that, for
√
s = 1.5 TeV, N goes from 5.5× 106 for mY = 2mW to 7.2× 104 for mY = 500 GeV. Finally, it
is found that, for
√
s = 2 TeV, N goes from 6.2× 106 for mY = 2mW to 103 for mY = 800 GeV.
It is interesting to compare our results with the case of W pair production. Using the same integrated luminosity
for the convoluted cross section, the number of events is approximately 106, 1.5 × 106, 1.7 × 106, and 1.8 × 106 for
energies of 0.5, 1, 1.5, and 2 TeV, respectively. The number of events estimated in the literature for a nonconvoluted
cross section, at energies above 200 GeV and for an integrated luminosity of 100 fb−1, is about 8× 106[22].
7FIG. 4: The cross section and the number of events (N) as a function of mY for
√
s = 0.5 TeV.
FIG. 5: The same as Fig.4, but now for
√
s = 1 TeV.
V. CONCLUSIONS
A γγ collider is the ideal place to study the production of pairs of new charged particles and their properties, as the
cross sections are large and model independent at the tree level. In this work, we have studied the production of pairs of
doubly charged vector bileptons, whose decay modes Y ±± → 2l± will provide a spectacular signature, since it is almost
free of SM background. The unpolarized cross section for the γγ → Y −−Y ++ subprocess was analytically derived and
then convoluted to predict the cross section and the number of events of the complete e+e− → γγ → Y −−Y ++ process.
FIG. 6: The same as Fig.4, but now for
√
s = 1.5 TeV.
8FIG. 7: The same as Fig.4, but now for
√
s = 2 TeV.
Our results are valid for an arbitrarily charged vector boson that includes anomalous couplings characterized by the
dimension–four operator ieκFµνY
−−µY ++ν , with κ an real arbitrary parameter. The renormalizable case (κ = 1),
which corresponds to a gauge bilepton, as well as the possibility of a matter vector (κ = 0), which corresponds to
vector electrodynamics, were analyzed. The possibility of a gauge bilepton with anomalous interactions was studied
too. Two specific values were considered, namely, κ = 0.9 and κ = 1.1. It was shown that, as it is well–known, the
cross section has a high–energy well–behavior only for the case κ = 1, and it is essentially constant for increasing
energies. On the other hand, for the case of a nonrenormalizable Lagrangian, it was found that for increasing energies,
the cross section increases for values of κ ranging from 0 to 1, but decreases for κ > 1. The worst of all the behaviors is
found for κ = 0. The situation is reversed when the cross section is analyzed as a function of the bielepton mass mY .
In this case, for a given energy, the largest and smallest number of events is found for κ = 1 and κ = 0, respectively.
Our conclusion is that this class of exotic particles can be detected still if they are as heavy as about 10mW , as the
number of events is relatively large, of about 103, and their signature is spectacular.
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